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Overview
• Objectives of nuclear material analyses
– Safeguards
– Nuclear Forensics
• Characteristic parameters and patterns
– R & D on elemental fingerprints
• Case study 
– Uranium raw material of
unknown origin (Rotterdam 2003)
• Conclusions
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Objectives of Nuclear Material Analysis
 Verification of declared 
amounts of nuclear 
material
Safeguards
 Verification of absence 
of undeclared nuclear 
material and activities
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• aims at providing clues on the 
history (production process, date of 
production, place of production, 
intended use) of nuclear material 
Objectives of Nuclear Material Analysis
• provides information on nuclear 
material of immediate relevance to 
law enforcement 
Nuclear Forensics
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Nuclear Forensic Science - Signatures
In
tr
od
uc
ed
and wiped out
during material  processing
Processes:
Chemical Technical Physical
Leaching Powder flow Neutron reaction
Separation Pelletising Radioactive decay
Calcination
Source of signature:
Material Process
U deposit Accidental
Piping
Intentional
Burnable poisons
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Parameters – Patterns - Signatures
Complexity Multiple Signatures
Analytical and interpretational challenges
Opportunities for signature development
Radioisotopes
Metallic 
Impurities
Stable
Isotopes
Non-metallic 
impurities
Structure
Major
Elements
Morphology
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DDNM isotopics (particles)Completeness
DMicrostructure
DMacroscopic appearance
DChem. composition
DOrganic impurities
DAnionic impurities
D(D)Metallic impurities Process identification
DDecay productsAge dating
DStable isotopesGeolocation
DDDNM isotopics
DDDNM concentrationCorrectness
Nuclear 
Forensics
Strengthened Sfg. 
"540 type"
Traditional Sfg.
"153-type"ParameterPurpose
Standard & Advanced Parameters
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U products:
• U ores
• U ore concentrates (ADU, AUC, peroxides,…)
• U oxide powders
• UF4 and UF6
• U pellets
Study on 79 yellow cake samples
Aim: Identify the impurities that are 
significant in relation to the source material 
(same type of material – different geographic 
origin).
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http://www.nucleonica.net
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38 
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Pb-
206
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35 
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-20
7
Th-
232
 →
Pb-
208
Lead isotopes
¾ Decay products of U and Th
¾ High U content → high variation of 
isotope ratios
¾ The isotope composition depends on 
the history (e.g. weathering) and age of 
ore body
Can be easily used for provenance 
assessment of the ore
Lead isotopics
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Lead Isotopic Composition
0 2 4 6 8 10 12 14 16 18
Beverley-1 (AUS)
Beverley-2 (AUS)
Beverley-3 (AUS)
Beverley-4 (AUS)
Ranger (AUS)
Olympic Dam (AUS)
Key Lake (CAN)
Rabbit Lake (CAN)
Stanrock (CAN)
Rössing (NAM)
ESI Calgary (CAN)
Isotope Ratio
Pb-207/Pb-208
Pb-206/Pb-208
Overlapping 
between mines
Relative high 
within-mine 
variation
Applicability and limitations
9 Large variation of isotope ratios between mines (radiogenic ratios & dating)
9 Certain ore types have low 206Pb/207Pb ratios (sandstone, phosphorite)
¾ Relatively high within-mine variation
¾ Less applicable for “pure” UOCs
Pb isotopes
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Date estimation of the ore on the 
basis of Pb-Pb method
Using natural-lead corrected values
Works better for more radiogenic-Pb
containing samples
1720-18221650+130-14017.5%Ranger
600-1200 1160+680-101056.5%Rössing
5-30< 64094.1%El Mesquite
1300-13801130+210-74025.2%Cluff Lake
2139 ± 1002140+140-15020.7%Blind River
Literature 
value
Calculated 
deposit age 
(Ma)
Natural 
207Pb 
content
UOC 
sample
Age dating using Pb isotopes
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Sr-87/Sr-86 Isotope Ratio
 in the Investigated Uranium Ore Concentrates
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Uranium minor isotopes
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• 234U/238U ratio varies in nature due to e.g. the preferential leaching of 234U after 
α-recoil
• “High” 236U abundance most probably a cross-contamination
natural
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• 143Nd/144Nd ratio varies in nature due to the 147Sm              143Nd decay
• natural variation: 0.510 – 0.513
• the value depends on the age of the mineral and mineral type
• robust indicator, as Nd (like other REE) follows uranium (less prone to 
weathering), small within-mine variation
0.511 0.5112 0.5114 0.5116 0.5118 0.512 0.5122 0.5124 0.5126
Beverley-1 (AUS)
Beverley-2 (AUS)
Straz (CZ)
Stanrock (CAN)
143Nd/144Nd ratio
Neodymium isotope ratio
T1/2=1.06.1011a
Nd-143 / Nd-144 ratio
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 REE chemically similar with valence state mainly +3 
 REE pattern often remain unaltered during metamorphism, thus
providing information on the premetamorphic history, geological
background and source of the rock. 
 The behavior of the valence-variable Ce (+4) and Eu (+2) is also
characteristic to the rock and it can be exploited to obtain 
information on the formation conditions.
Rare earth elements’ pattern
REE pattern is less prone to 
the process  
can be used straightforwardly 
for the origin assessment
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Rare-earth pattern of the investigated uranium ore concentrates
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REE patterns
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• geometry → 5 x 5 x 5 cm 
• weight about 2.4 kg
• elemental uranium produced around 1943 ± 2 years (Haigerloch, Germany) 
Questions:
1. What is it ?
2. Origin of the material ?
3. etc
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Intended use and origin
Nuclear forensics
• elemental composition: pure U metal,
unconventional application/reactor
• isotopic composition → natural U →
D2O or graphite moderated reactor
• Age via 234U / 230Th
59.0 ± 2.0 years (in 2003)
=> Date of production: second half of 1943
Geometry points at German origin
• Open literature 
Haigerloch reactor 1945
664 cubes  x  2,4 kg =   1593.6 kg
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– Where is the uranium coming from ?
Date of Production: 
second half of 1943
Ö
Authentic cube
Belgian Congo or Joachimsthal (Czech Republic)?
rare earth element pattern
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Samples measured:
– Haigerloch (“Heisenberg”) uranium cube
– Heidelberg (“Wirtz”) uranium plates
– Yellow cake from Otto Hahn’s laboratory in Berlin
– For comparison:
Joachimsthal uranium ore („historic“ sample)
Congo uranium ore
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From which mine did the uranium come?
Jáchymov / Joachimsthal in the Czech Republic or Belgian Congo? 
¼ measure the pattern of trace elements
Nuclear forensics
Haigerloch cube0
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100
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#REF!
#REF!
#REF!
#REF!
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From which mine did the uranium come?
Jáchymov / Joachimsthal in the Czech Republic or Belgian Congo? 
¼ measure the pattern of trace elements
Nuclear forensics
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> 70 a
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From which mine did the uranium come?
Jáchymov / Joachimsthal in the Czech Republic or Belgian Congo? 
¼ measure the pattern of trace elements
Nuclear forensics
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> 70 a
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From which mine did the uranium come?
Jáchymov / Joachimsthal in the Czech Republic or Belgian Congo? 
¼ measure the pattern of trace elements
Nuclear forensics
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Ore from
Joachimstal
#REF!
Congo UOC
> 70 a
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Inorganic FT-IR measurement of UOC samples
Measurement in pellet form using KBr
Rapid identification of compound (oxide, peroxide, ADU, AUC, partially 
calcined samples)
Detection of certain process-related impurities (sulphate, carbonate, 
nitrate)
Uranium composition in UOCs
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Nitrate (1380 cm-1)
Impurity from eluate or back extractant
Sulphate (1130 cm-1)
Residual from H2SO4, eluate or back extractant
Uranium composition in UOCs
U-O vibration
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Anion residuals in UOC’s
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NO3/SO4
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Anion ratios
Phosphorite ores.Quartz-pebble conglomerate and 
vein deposits.
Nitric acid leaching ⇒
Indicator of the process
Apatite mineral Ca5(PO4)3(F,Cl,OH) 
⇒ Indicator of the deposit type
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Sandstone 
basal channel Quartz-pebble 
conglomerate
Phosphorite
Black shale
Statistical evaluation of UOC data
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U products:
• U ores
• U ore concentrates
• U oxide powders
• UF4 and UF6
• U pellets
Next step - Vertical study
Aim: Identify the impurities that are 
acquired from or lost in the process. 
What is the effect on the impurities 
from the source material ?
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Uranium ore
concentrates
Process stage
samples and 
reagents
UO3
Next step - Vertical study
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Case study
Background:
• uranium raw material of unknown
origin
• 2003, Rotterdam (NL)
• Brownish yellow powder, ~3 kg
• Found on a shipload from Jordan
Measurements performed at ITU
• NDA analysis
• Isotope ratio measurements (U, Sr, 
Pb)
• Infrared analysis
• Impurity analysis
• REE pattern determination
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Case study
Vibrational Spectrum (Infrared 
Spectrometry):
• Compound is AUC · xH2O
• Sulfate impurity (from 
dissolution of starting material)
•Nitrate impurity (from solvent 
extraction/purification)
Mass Spectrometry:
• Natural uranium isotopic composition
• Natural lead isotopic composition
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Case study
Sr Isotope Ratio:
Low value, typical for phosphorites (e.g., North Africa, 
Middle East, US,…)
0.70757 ± 0.00011
0.70814 ± 0.00004
0.71092 ± 0.00006
0.71416 ± 0.00011
0.71985 ± 0.00029
0.72336 ± 0.00004
0.73434 ± 0.00012
0.70785 ± 0.00004
0.71775 ± 0.00003 
0.67 0.68 0.69 0.70 0.71 0.72 0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.80
Beverley
Calgary
Key Lake
Olympic Dam
Ranger
Ranstad
Stanrock
Mulberry
Fund-26
87Sr/86Sr Isotope RatioSr-87 / Sr-86 isotope ratio
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Case study
Age dating based on 234U/230Th:  
Age dating based on 232Th/228Th:  
Last chemical separation: 1988 ± 5 y
– Applicable to samples with incomplete Th separation
– Complementary to 234U/230Th method
Last chemical separation: 1893 ± 1.7 y
– Measured value shows significant positive bias
– Reason: incomplete separation of 230Th from the 
parent 234U nuclide
(“clock is not set to zero”)
– Residual 230Th cannot be calculated or corrected 
for
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Case study – Find-26
• 234U abundance: suggests low temperature redox deposit; 
value agrees with data reported by IAEA for UOC from Al 
Qaim (Iraq)
• Impurities: high P content;
similar metallic impurities to Iraqi phosphate deposits
• Pb isotopes: natural, young deposit, low U content in ore
• REE pattern: flat, no Eu or Ce anomaly → previously found 
in certain sandstone-type and reworked phosphorite
Data inherent to the material corroborate information from 
external sources
Identification of origin based on:
¾ Single sample
¾ Multiple parameters
Identification of origin based on:
Single sa ple
ultiple para eters
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Comparison of relative efforts – yellow cake
(5)(5)SIMSU particle analysis
(5)Evaluation and Report
MC-ICP-MS
MC-ICP-MS
ICP-MS
IR-Spectroscopy, Raman
Ion Chromatography
ICP-MS, IDMS
Electron Microscopy, EDX, WDX
Optical Microscopy
ICP-MS
TIMS
Titration, IDMS
Technique
18.53Total
1.5Nd Isotopes
1.5Sr Isotopes
3Rare Earth Elemental pattern
1Molecular structure
1.5Anionic impurities
3Age dating
3Micromorphology
1Visual inspection, macroscopic
11Impurities
11Isotopic Composition
11Element Assay
ForensicsSafeguardsAnalysis/Parameter
Note: rounded figures based on a full cost evaluation, figures in brackets are not included in the Total
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Conclusions
¾Wealth of information inherent to nuclear material
¾Decrypting the information requires sophisticated 
methodology, subject matter expertise and 
reference data
¾Significant effort (resources and time) needed for 
comprehensive analysis and data interpretation
¾Nuclear forensics methodology may open new avenues
in different areas
¾Application of investigative 
techniques in Safeguards 
has to be evaluated
